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We extend our recent work and study implications of the Standard Model with 
four generations (SM4) for rare B and K decays. We again take seriously the several 
2-3 a anomalies seen in B, Bs decays and interpret them in the context of this simple 
extension of the SM. SM4 is also of course of considerable interest for its potential 
relevance to dynamical electroweak symmetry breaking and to baryogenesis. Using 
experimental information from processes such as B ^ ^s7; and Bg mixings, in- 
direct CP-violation from — )• vrvr etc along with oblique corrections, we constrain 
the relevant parameter space of the SM4, and find m^/ of about 400-600 GeV with a 
mixing angle |VJ*^Vi's| in the range of about (0.05 to 1.4) x 10^^ and with an appre- 
ciable CP-odd associated phase, are favored by the current data. Given the unique 
role of the CP asymmetry in Bg — )• ip(t) due to its gold-plated nature, correlation of 
that with many other interesting observables, including the semileptonic asymmetry 
{Asl) are studied in SM4. We also identify several processes, such as i? — )• Xgi^u, 
Kl — ?• 'K^vv etc, that are significantly different in SM4 from the SM. Experimentally 
the very distinctive process Bg — >■ Ai^/^^ is also discussed; the branching ratio can 
be larger or smaller than in SM, (3.2 — )• 4.2) x 10~^, by a factor of 0(3). 
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I. INTRODUCTION 



Though the CKM paradigm Q, of CP violation in the Standard Model (SM) has 
been extremely successful in describing a multitude of experimental data, in the past few 
years some indications of deviations have surfaced, specifically in the flavor sector SHlZJ. An 
intriguing aspect of these deviations is that so far they have more prominently, though not 
exclusively, occurred in CP violating observables only. While many beyond the standard 
model (BSM) scenarios can account for such effects SHlJ], a very simple extension of the 
SM that can cause these anomalies is the addition of an extra family as we emphasized 
in a recent study 15|, ll6l]. In this paper, we will extend our previous work and study the 
implications of the standard model with four generations (SM4) in rare B and K decays. 

Although our initial motivation for studying SM4 was triggered by the deviations in 
the CP violating observables in B, Bg decays, we want to stress that actually SM4 is, in 
fact, a very simple and interesting extension of the three generation SM (SMS). The fact 
that the heavier quarks and leptons in this family can play a crucial role in dynamical 
electroweak-symmetry breaking (DEWSB) as an economical way to address the hierarchy 
puzzle renders this extension of SMS especially interesting. In addition, whereas, as is widely 
recognized SMS does not have enough CP to facilitate baryogenesis, that difficulty is readily 



and significantly ameliorated in SM4 



17H19|. Besides, given that three families exist, it is 



clearly important to search for the fourth. 

That rare B-decays are particularly sensitive to the fourth generation was in fact em- 
phasized long ago 20|-|2J]. The potential role of heavy quarks in DEWSB was also another 



reason for the earlier interest 
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291]. LEP/SLC discovery that a fourth family (essentially) 



massless neutrino does not exist was one reason that caused some pause in the interest on 
SM4. A decade later discovery of neutrino oscillations and of neutrino mass managed to 
off-set to some degree this concern about the 4th family's necessarily involving massive neu- 
trino. Electroweak precision tests provide a very important constraint on the mass difference 
of the 4th family isodoublet. In this context the PDG reviews for a number of years may 
have been declaring a "prematured death" of the fourth family SOj; careful studies show 
in fact that while mass difference between the isodoublet quarks is constrained to be less 
than ^ 75 GeV, an extra generation of quarks is not excluded by the current data. In fact, 
it is also claimed that for certain values of particle masses the quality of the fit with four 
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generations is comparable to that of the SMS 3l|-l34|. 



The addition of fourth generation to the SM means that the quark mixing matrix will 
now become a 4 x 4 matrix {Vckma) and the parametrization of this unitary matrix requires 
six real parameters and three phases. The two extra phases imply the possibility of extra 
sources of CP violation [22 1. 



In 



ISj, it was shown that a fourth family of quarks with m^/ in the range of (400 



600) GeV provides a simple explanation for the several indications of new physics that have 
been observed involving CP asymmetries in the B, Bg decays 3|-[3]. The built-in hierarchy 
of VcKMi is such that the t' readily provides a needed perturbation 15%) to sin 2/3 as 
measured in i? — )■ ipKs and simultaneously is the dominant source of CP asymmetry in 

While most of the B, Bg CP-anomalies are easily accommodated and explained by SM4, 
we note that, in contrast, EW precision tests constrain the mass-splitting between t' and b' 



to be small, around 70 GeV 
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33l . l35| : so for mf of 0(500 GeV) their masses have to be 



degenerate to 0(15%). As far as the lepton sector is concerned, it is clear that the 4th family 
lepton has to be quite different from the previous three families in that the neutral lepton 
has to be rather massive, with mass > mz/2. This may also be a clue that the underlying 
nature of the 4th family may be quite different from the previous three families j36| . 

In this paper we extend our previous work [15] on the implications of SM4, to study the 
direct CP asymmetry in i? — t- Xs'j, B Xgl^ and in Bs — ?■ Xgiiy, forward-backward 
(FB) asymmetry in i? — )■ {K*)l^ l~ , decay rates oi B XsVV., Bg — ?■ fi^fi^,T^T^ and 
Kl — > TT^z/P and CP violation in B ^ nK and 5° — )■ 7r°7r° modes. We show that SM4 
can ameliorate the difficulty in understanding the large difference, 0(15%), between the 
direct CP asymmetries in neutral B decays to K~^7i~ versus that of the charged B-decays 
to K~^TT^ partly due to the enhanced isospin violation that SM4 causes in flavor- changing 
penguin transitions due to the heavy mf 20| originating from the evasion of the decoupling 
theorem and partly if the corresponding strong phase(s) are large in SM4. The enhanced 
electroweak penguin amplitude provides a color-allowed {Z — )■ n^) contribution which is not 
present for tt^ case. However, we want to emphasize that the prediction obtained using the 
QCD factorization approach js], 0, 38] depends on many input parameters therefore it has 



large theoretical uncertainties. Apart from the SM parameters such as CKM matrix, quark 
masses, the strong coupling constant and hadronic parameters there are large theoretical 
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uncertainties related to the modeling of power corrections corresponding to weak annihilation 
effects and the chirally-enhanced power corrections to hard spectator scattering. Therefore 
the numerical results for the direct CP asymmetries are not reliable. 

Several of these observables like FB asymmetry in B — )■ K*l^ [39], CP asymmetry in 
Bg — )■ tjjcj) 40| and the decay rate of Kl — )■ tc^uu (41| have also been studied before, as well 
as many other interesting aspects of SM4 by Hou and collaborators 42|-|45| . see also 46 |. 
However, their analysis was generally restricted to m^/ of ~ 300 GeV. On the other hand, 
our analysis seems to favor nit' in the range of (400 - 600) GeV to explain the observed CP 
asymmetries in the B, Bg decays. We note also that recent analysis by Chanowitz seems to 
disfavor most of the parameter space they have used 3^ whereas our parameter space is 
largely unaffected j47|. 

We identify several processes wherein SM4 causes large deviations from the expectations 
of SM3; for example, B — )■ X^z/z/, B^ — )■ fi'^fi", AsLiBg — )■ Xgiu), acp{B — t- ttK), acp{B — )■ 
Kl — )■ TT^uu and of course mixing-induced CP in Bg ipip etc. These observables 
will be measured with higher statistics at the upcoming high intensity K, B, Bg experiments 
at CERN, FERMILAB, JPARC facilities etc and in particular at the LHCb experiment and 
possibly also at the Super-B factories and hence may provide further indirect evidence for 
an additional family of quarks. 

The paper is arranged as follows. After the introduction, we provide constraints on the 
4x4 CKM matrix by incorporating oblique corrections along with experimental data from 
important observables involving Z, B and K decays as well as Bd and Bg mixings etc. In 
Sec. mil we present the estimates of many useful observables in the SM4. Finally in Sec. 
llVt we present our summary. 



II. CONSTRAINTS ON THE CKM4 MATRIX ELEMENTS 



In our previous article 



15|, to find the limits on Vckma elements, we concentrated mainly 



on the constraints that will come from vertex correction to Z — t- 66, Br{B — t- Xs7), Br{B — )■ 
Xg /^), Bd — Bd and Bg — Bg mixing, Br{K^ — > n^uu) and indirect CP violation in — >■ 
TTTT described by |efc|. We did not consider e'/e as a constraint because of its large hadronic 
uncertainties. Chanowitz 3^ has shown that as rrit' becomes very large more important 
constraint is from non decoupling oblique corrections rather than the vertex correction to 
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Z — )■ hh. In this article we have extended our analysis by including the constraint form 
non decoupling oblique corrections as well; we note that for mj/ ^ 500 Ge V our previous 
constraints are largely unaffected but for mf ~ 600 Ge V the oblique corrections start to 
have effect. With the inputs given in Table. ( IIIII) we have made the scan over the entire 
parameter space by a flat random number generator and obtained the constraints on various 
parameters of the 4x4 mixing matrix. In the following subsections we briefly discuss the 
various input parameters used in our analysis. 



A. Oblique correction 



The Z pole, W mass, and low-energy data can be used to search for and set limits on 
deviations from the SM. Most of the effects on precision measurements can be described 
by the three gauge self-energy parameters S, T and U. We assume these parameters to be 
arising from new physics only i.e they are equal to zero exactly in SM, and do not include 
any contributions from nit and M^- 

The effects of non-degenerate multiplets of chiral fermions can be described by just three 
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48 



-|50|. T is proportional to the 



parameters, S, T and U at the one-loop level [30|, 
difference between the W and Z self-energies at = 0, while S is associated with the 
difference between the Z self-energy at = M| and = and (5* + U) is associated with 
the difference between W self-energy at = and = 0. A non-degenerate SU{2) 



doublet (-^2) with masses mi and m2 respectively yields the contributions 48 1 



S 
T 



1 



1 -Y\n{m\/ml) 
1 



(1) 



2 I 2 
+ 1712 



2 2 



ln(m^/m2) 



^ = IT 



3(mf — 



2\2 



+ 



m 



2\3 



where Y is the hypercharge of the doublet. A heavy non-degenerate doublet of fermions 
contributes positively to T as 

1 



* 1 

Po - 1 



- 1 ^ aT, 



(2) 



1 - aT 

where pg denotes the low-energy ratio of neutral to charged current couplings in neutrino 
interactions. 
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The parameter U plays a fairly un imp ortant role, all the neutral current and low energy 
observables depend only on 5* and T 48| . In addition U is often predicted to be very small. 
In most of the models U should differ from zero by only a percent of T. 

In the case of an extra family with the doublet (^,) , the contribution to T and S param- 
eters are given by 34 1 
1 



with 



+ \Vt's\^Smt's 



OTT V 6 mf, ' 



'ii^Vt'h'fbmtih' + |Vt'b|^(5mt'fe + \Vth'f5mth' - \Vt'hf5mth (3) 

(4) 



6m 



12 



2m: 



2 2 ^mjml 

2 .m^ + 777,2 2 



/777^7T72 , / 2 / 2\\ 

K ln(mi/r772) . 



(5) 



B. Vertex corrections to Z ^ bb 



Including QCD and QED corrections, the Z ^ bb decay width can be written as 51| 

Nr, a 



T{Z ^ qq) 



48 s2 



mz {\aq\^ + \Vq\^) 



(1 + (1 + 5%^^) (1 + 51^^) (1 + 5^) (1 + 5,Vd) (1 + ^,). (6) 



where 



^;,= (2/|-4|Q,|4), a, = 2/|, (7) 

and 5's are various corrections which are discussed below. 

In the decay of the Z — )■ 66, the top quark mass enters in the loop correction to the vertex 
mediated by the W gauge boson. Due to spontaneous symmetry breaking effects the top 
mass can not be neglected in the calculation. In fact there is a top mass dependence that 

2 — — 

grows like ^ as in many other one-loop weak processes such a.^ K — B — B (AF = 2 
mixings), b — )■ si~^i~ etc. The additional contribution to the Zbb vertex, due to nonzero 
value of the top quark mass can be written as: 



10" 



1m\ 



1m\ 



(8) 



6'qed gives small final-state QED corrections that depend on the charge of final fermion, 

3a 
47r 



"QED 



(9) 
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It is very small (0.2% for charged leptons, 0.8% for u-type quarks and 0.02% for d-type 
quarks) . 

5qcd gives the QCD corrections common to all quarks and it is given by 

5q^^ = ^ + 1.4i(^)'. (10) 

Us is the QCD coupling constant taken at the mz scale, i.e. = asim^z) ~ 0.12. 

5^ contains the kinematical effects of the external fermion masses, including some mass- 
dependent QCD radiative corrections. It is only important for the b-quark (0.5%) and to a 
lesser extent for the r-lepton (0.2%) and the c-quark (0.05%). It is given by 

K-^J'k(i+'-^)+<'^). (11) 



TT 



where fig = Am^q{m\) /rn?z. 

By taking appropriate branching ratios it is possible to isolate the large top mass depen- 



dent Zhh vertex 5i, 



where Rn = Sf- 



All other corrections cancel exactly in this branching ratio except the correction to the 
Zbb vertex which only depends on the top quark mass. 



C. B ^ Xs^ decay 



Radiative B decays have been a topic of great theoretical and experimental interest for 
long. Although the inclusive radiative decay B — )■ Xs7 is loop suppressed within the SM, it 
has relatively large branching ratio making it statistically favorable from the experimental 
point of view and hence it serves as an important probe to test SM and its possible extensions. 
The present world average of Br{B — )■ ^^7) is (3.55 ± 0.25) x 10~^ 52| which is in good 



agreement with its SM prediction 
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54| . Apart from the branching ratio of i? — ?► Xgj, 
direct CP violation in S — )■ Xg'j, A^'^^"'^ , can serve as an important observable to search 
physics beyond SM; therefore we will also study this direct CP asymmetry in this paper (see 
Section iniAl)- 
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The quark level transition b ^ s'y induces the inclusive B — )■ Xs'y decay. The effective 
Hamiltonian for 6 — S7 can be written in the following form 

4Gf 



U 



-|v;:v;,5^a(/.)Q,(/i), (13) 

* i=l 



where the form of operators Oi{fi) and the expressions for calculating the Wilson coefficients 



Ci{fi) are given in 55|. The introduction of fourth generation changes the values of Wilson 



coefficients C7 and Cg via the virtual exchange of the t'-quark and can be written as 

C'rW = CM + ^^CM ■ (14) 

The values of C^'g can be calculated from the expression of Cj^s by replacing the mass of 
t- quark by mf. 

In order to reduce the uncertainties arising from 6-quark mass, we consider the following 
ratio 

^ Br{B^X,^) 



Br(B ^ Xreu, 



In leading logarithmic approximation this ratio can be written as 



56| 



Here the Wilson coefficient C7 is evaluated at the scale n = rrib. The phase space factor 
f{rfic) in Br{B — t- X^ez/) is given by js^] 

/(mj = 1 - 8ml + 8ml - - ^Am^lnm^ . (16) 



(17) 



n(m.) = l-'-^\(.^-^-) (1-my + l 



K{mc) is the 1-loop QCD correction factor [5^ 

stt I V' 4 y ^" ' "^^ ■ 2 

Here rhc = mc/mf,. 



D. B ^ Xs /+ I- decay 

The quark level transition 6 — )■ s /~ is responsible for the inclusive decay B ^ X^l^ l~ . 
We apply the same approach introduced for h — )■ S7. The effective Hamiltonian for the decay 
h ^ sl^ l~ is given by 

AC ^° 

n^ff = -^y^ytb c^{^) ^^(/^) • (18) 



9 



In addition to the operators relevant for b — )■ S7, there are two new operators: 



Qg = {sh)v-A{ll)v, Qio = {sh)v-A{ll)v ■ 
The amphtude for the decay B ^ Xgl^ in SM4 is given by 



(19) 



M 



^tot _ 



(20) 



where Pl,r = (1 =F75)/2 and q is the sum of and /~ momenta. Here the Wilson coefficients 
are evaluated at fi=mb. 

The differential branching ratio is given by 

dBr {B ^ Xsl+l-) a^B{B ^ Xccu) . 



dz 



\Vr 



-D z) 



cb\ 



(21) 



where 



D(z) 



( 1 + 



2t' 



;i + 2z) +4|C™T 1 + 



2t' 



1 + 



+\c- 



tot 1 2 
10 I 



2t2 

:i + 2;2) + — (1-4^) 
z 



+ 12Re(C*°*a 



tot /^tot* j 



2f 

z 



— ■ (22) 



Here z = q'^/ml, t = mi/mb and rhq = rriq/mb for all quarks q. 

In the framework of SM4, the Wilson coefficients Cg°* and Cj^Q* are given by 



C7% = Cr,io{mb) + 



VtlVtb 
Cg(mb) + Y(z) + 



(23) 
(24) 



where the function Y{z) is given in 55|. 

The measurements of the B — Xsl^^~ in the two regions, so called low (g^ ^ GGeV'^) 
and high (g^ ^ lAGeV"^), are complementary as they have different sensitivities to the 
short distance physics. Compared to small g^, the rate in the large g^ region has a smaller 
renormalization scale dependence and dependence. Although the rate is smaller at 
large g^, the experimental efficiency is better. Large g^ constrains the Xg to have small 
invariant mass, mx^, which suppresses the background from B — )■ X^i'iy — ?■ Xgi^i'iju. To 
suppress this background at small g^ region an upper cut on mx^ is required, complicating 
the theoretical description due to the dependence of the measured rate on the shape function, 
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which is absent at large q^. In the low region the dominant contribution to Bg — > Xst^l~ 
comes from virtual photon and much less from Z. It is the Z that is very sensitive to 
rriti as that amplitude grow with m^,. The photonic contribution cares only about the 
electric charge, modulo logarithmic QCD corrections. For these reasons we will be using the 
branching ratio only in the high q^ region to constrain SM4. 

The theoretical calculations shown above for the branching ratio of S — >• i+ l~ are 
rather uncertain in the intermediate q^ region (7 GeV^ < q^ < V2 GeV^) owing to the 
vicinity of charmed resonances. The predictions are relatively more robust in the \cm-(f 
(IGeV^ < < GGeV^) and the high-g^ (14.4 GeV^ < < mg) regions. 

For rrit' > 300 GeV, Br(B Xs l~) is completely dominated by the Wilson coefficient 
C^. Hence in our numerical analysis, we neglect the small 2;-dependence in Cg°*. 



E. Bq — Bq mixing 



Within SM, Bg — Bg mixing (g = d, s) proceeds to an excellent approximation only 
through the box diagrams with internal top quark exchanges. In case of four generations 
there is an additional contribution to B,j — B,j mixing coming from the virtual exchange of 
the fourth generation up quark t'. The mass difference AMg in SM4 is given by 



AM„ = 2|Mi 



12 



where 



127r2 

where Xt — m^/m^, Xt' — m^i/M^ and 

4:Xt 



So{xt) 
So{xt') 



llxl 



So(xt,Xt') = XtXt' 



4(l-a;t)2 
So{xt Xf) , 

Inxt' 



3 Xflnxt 

2{i-xtr ' 



Xf - Xt 



1 



1 



Inxt 



Xf - Xt 



+ 



4 21- Xf 
3 1 3 



3 

4(1 



Xf 



4 ■ 21-0:* 4(l-xt)2 
1 



4{l-xt){l-xf) 



(25) 



(26) 

(27) 
(28) 



(29) 
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mt'{GeV) 


400 


600 


So{xt') 


9.225 


17.970 


So{xt,xt') 


4.302 


5.225 



TABLE I: The structure functions So{xt') and So{xt,xt'). 



mt'(GeV) 


400 


600 




0.522 


0.514 



TABLE IL The QCD correction factor r]t/. 
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Here rjt is the QCD correction factor and its value is 0.5765±0.0065 
factor rjt' is given by 59 1 

6/23 / as{mb>)\^^'^^ f as{mt')\^^^'^ 



Vt' 



The QCD correction 



(30) 



as{mt) J \ asimy) / 
is the running couphng constant at the scale /i at NLO [60!]. Here we assume rjt' = rju' 
for simplicity. The numerical values of the structure functions S'o(xt'), So^Xt^Xt') and the 
QCD correction factor rjt' are given in Tableland Table HTl respectively for various t' mass. 



F. Indirect CP violation in Kl — )• vrvr 

Indirect CP violation in — )■ tttt is described by the parameter ex-, the working formula 
for it is given by joil 

tK = exp(i0,) sin 0, (imM^JAMk + c) , (31) 

where C = ^^^^ Aq = A[K ^ (vr7r)/=o) and AMk denoting the Kl - Ks mass 

difference. The off-diagonal element M12 in the neutral i^-meson mass matrix represents 
/^o _ j^o mixing and is given by 

^2 2mK 

The phase 0^ is given by 

0, = (43.51 ± 0.05)° (33) 

The second term in eq. [31] constitutes a C(5)% correction to ex- In most of the phe- 
nomenological analysis 0^ is taken as 7r/4 and ( is taken as zero. However C 7^ and 
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0e < 7r/4 results in a suppression effect in relative to the approximate formula with C = 
and 0e = 7r/4. In order to include these corrections we have used the parametrization 



•\/2sin 



(34) 



where = 0.94 ± 0.02 and consequently = 0.92 ± 0.02, parameterizing the effect of 



After some calculations it can be shown that 56 1 



G 



12 



F f2 



fj^BxruKMyy A* r]cSo{xc) + A* r]tSo{xt) + 2XlX*r]ctSo{xc,Xt) 



127r2' 

+Xl,'^T]t>So{xt>) + 2\l\*,r]ct>So{xc,Xt,) + 2\*\*,r]u'So{xt,Xt> 



(35) 



where A,- = A*„A,,7 and x„ 



(mVM^) for all quarks q. 



Inserting f l35|) and f l34j) in f l3T|) one finds 



* 2 



127r2\/2AMx 

+2A*A*?7ctS'o(a;c,a;t) + \l'^T]t>So{xt') + 2\l\l,T]ct'So{xc,Xt' 
+2X*X*,r]tt'So{xt,Xt> 



(36) 



where f^- = 160 MeV. The value for Bk has been taken from Ref. 62|, in a recent analysis 
63l . l64l | the error has been reduced to ^ 4%, however, in our analysis we use the more 
conservative value mentioned in Table. Illll from 62 1. 



TT^ui' decay 



The effective Hamiltonian for — > n^uu can be written as 



U 



eff 



a/2 2n sin^ 6^ 



\v:,v,,x^^^ + v,:vt,x{x,) 



"^yt'dX{xt')\^ {sd)v-A{i^ii^i)v-A ■ 



(37) 



First term is the contribution from the charm sector. The function X{x) is relevant for the 
top part. 



X(x) =Xo(x) + -^Xi(x) , 
47r 

where Xq = {rriq/M^) for all quarks q. Here Xq{x) is the leading contribution given by 



(38) 



X,(x) 



X 



X 3x — 6 
1- v. In X 



X 



X) 



(39) 
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Bk = 0.72 ± 0.05 [621 


fbsVWs = 0.281 ± 0.021 GeV [651 


AMs = (17.77 ± 0.l2)ps~^ [66] 


AMd = (0.507 ± 0.005)ps-^ 


= 1.2 ± 0.06 [65] 


7 = (75.0 ± 22.0)° 


|efc| X 10^ = 2.32 ±0.007 


sin2/3^x, = 0.672 ±0.024 


Br(K+ TT+uiy) = (0.147+°-/,30) x lO^^ 


Br{B XJu) = (10.61 ± 0.17) x lO^^ 


Sr(5 ^ X,7) = (3.55 ± 0.25) x 10"^ 


Br{B Xsi+r) = (0.44 ± 0.12) x 10"^ 


Rbb = 0.216 ±0.001 


( High region ) 


\Vub\ = (37.2 ± 2.7) X lO-'' 


\Vcb\ = (40.8 ±0.6) X 10-3 


T]c = 1.51 ± 0.24 [67] 


rit = 0.5765 ± 0.0065 [58] 


r/rf = 0.47 ± 0.04 [68j 


mt = 172.5 GeV 


T4 = 0.11 ±0.14 





TABLE III: Inputs that we use in order to constrain the SM4 parameter space, we have considered 
the 2(7 range for Vub- 



and Xi{x) is the QCD correction. The expression for Xi{x) is given in [56]. The function 
X can also be written as 



X{xt/t') = r]x.Xo{xt/t'), Vx = 0.994 . 



(40) 



Here rjx represents the NLO corrections. 

The function Xj^^ is the function corresponding to X{xt 

from the NLO calculations and its explicit form is given in 

The branching fraction of tt^uu can be written as follows 

2 



in the charm sector. It results 



60 



69]. 



ImA^ 



A5 
/Re Ac 



-X(xt] 



ImXi' 



AE 



-X(xt' 



A 



PoiX) + ^Xix,) + ^Xix, 



A5 



A5 



2i 



where 



= rK+- 
PoiX) 



1 

A4 



27r2 sin Qw 



(41) 

(42) 
(43) 



and rK+ = 0.901 summarizes the isospin breaking corrections in relating the — )■ -k^vu 
to the well measured leading decay n^e'^u. 
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{GeV) 


300 


400 


500 


600 




(0.09 - 2.5) 


(0.08 - 1.4) 


(0.06 - 0.9) 


(0.05 - 0.6) 




^ 80 


^ 80 


^ 80 


^ 80 



TABLE IV: Allowed ranges for the parameters, Xp (xlO~^) and phase (p'^ (in degree) for different 
masses mf ( GeV), that has been obtained from the fitting with the inputs in Table Hill and allowed 
by the present experimental bound for CP asymmetry in Bg — ?• J/ip4> |l5l- 



III. PREDICTIONS IN THE SM4 




-1 -0.8 -0.6 -0.4 -0.2 0.2 0.4 0.6 0.8 1 -80 -60 -40 -20 20 40 60 80 



FIG. 1: (a) Correlation between S^pXs 5^,^ (left panel) and (b) Variation of S^^ with the 
phase of A^, (right panel), for rrit' = 300 (magenta), 400 (red), 500 (green) and 600 (blue) GeV 
respectively. The horizontal lines (left panel) represent the experimental la range for S^f^K^ whereas 
the vertical lines (black 1-a and red 2-a ) represent that for S^^; in the right panel the horizontal 
lines are for 5^0 



Fig. [T] (left panel) shows the correlations between the CP asymmetries in Bd — )■ (pKg and 
Bg —7- ip(f) whereas right panel shows the variation S^^ with the new phase 0'^ ^; which has 



already been shown in our previous article 



isj for mt' = 400, 500 and 600 GeV; here, we 



Soon after we posted version 1 of our paper , 70| appeared which also discusses about the phenomenology 
of SM4. To facilitate direct comparision with that work we are adding few extra figures in this revised 
version. 
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have also included in the plot m^/ = 300 GeV. This is to clarify the fact that the present 
data on CP asymmetries tends to favor a fourth family of quarks with rrit' in the range 
(400 — 600) GeV. In this article therefore, we will focus mostly on m^/ ^ 400 — 600 GeV 
when we provide numerical results for SM4 for some interesting observables related to B 
and K system which could be tested experimentally. 



A. Direct CP asymmetry in S — )■ Xgj 



Aqp in i? — 7- Xgj is defined as 



Within the SM,A^p^"'^ is predicted to be less than 1% 7ll473|. The most recent SM 



prediction is 7^ (Here we have calculated the errors by adding all errors given in the 



mentioned reference in quadrature ) 

Ag?''^lE,>i.6Gev= (0.44^°:?^)%. (45) 

The current world average of A^p^'^ is (-1.2 ± 2.8)% [52], which is consistent with 
zero or a very small direct CP asymmetry as we have in the SM. The present experimental 
uncertainty is still an order of magnitude greater than the theoretical error. However a 
dramatic improvement in the experimental sensitivity is possible at the upcoming Super-B 



factories and sensitivity of about 0.4% — 0.5% can be achieved [75] . 

As the CP asymmetry within the SM is less than 1%, observation of a sizable CP asym- 
metry would be a clean signal of new physics. It is expected that the new physics models 
with non-standard CP-odd phases can enhance A^']^^"'^ and hence we study ^"'^ within 
the framework of SM4. 

n 

The general expression for the CP asymmetry in i? — )• Xg'y is ^] 

10-2 



mew* 1 



+ 3.21 Im [e, (1 - 2.18 - 0.26 Q^"*)] } , (46) 



where 



(47) 



16 



X 

A 

I 

CD 

o 
< 




-0.008 



-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 



FIG. 2: Correlation between CP asymmetry in i? — t- Xg'j and 5^0, the CP asymmetry in Bg — )■ 
J/ip(p; where the red and blue regions correspond to mf = 400 and 600 GeV whereas horizontal 
lines represent the SM limit for CP asymmetry and the vertical lines represent the 2a limit for CP 
asymmetry in Bs — s- J/ip(p. 



Here the new physics Wilson coefficients C^^™ are at scale M^. In SM4 



'-^7,8 



vts ^tb 



(48) 



In the Fig. [2] we have shown the correlation between CP asymmetries in {B — )■ X^'-y) and 
Bg J/i^cp (S^^). The current 2a experimental range for S^^j, is given by [—0.90,-0.17] 
76|. The SM value for Acp{B — )■ Xg'j) corresponds to S^fj, ^ or in other words 0*' ~ 0. 



It is easy to understand the nature of the plot i.e decrease of Acp{B — )■ Xs'y) with increase 
of S^if,. From the expression for Acp{B — )■ Xg'y) (eq. P6|) ). it is clear that in SM the only 
contribution to Acp will come from the ffist part of the fourth term. In the presence of new 
phase and new coupling, the ffist two terms and the fourth term will contribute to Acp- 
Contribution from the ffist two term is always negative and increases (mod value) with the 
new physics coupling ( within the NP region we are interested) whereas the fourth term is 
always positive and it has very small increase with the new physics coupling or phase. 
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B. CP asymmetry in Bs — )■ Xgiv 

In this section we shall concentrate on semileptonic CP asymmetry {Asl) in system 
^. In general the CP asymmetry in semileptonic Bg decays defined as, 



depends on the relative phase between the absorptive and dispersive parts of Bs — Bg mixing 
amplitude {t^], 

. . /^TiaX I Hal sin0, 

AsL = Im[j^] = 1^ I , (50) 



12 



— -f#- , the relative phase between Bg — Bg mixing and the corresponding 

II 

b — )■ CCS decays and |As| parametrises the NP effect in Mfg p]. |ri2/Mi2| = 0(m^/M^) 
suppresses Asl to the percent level, apart from this there is a GIM suppression factor ml/ml 
reducing Asl by another order of magnitude. Because of these suppression factors it is very 
small in SM, for Bg system it is O{10~^). The GIM suppression is lifted if new physics 
contributes to arg(Mi2). Therefore Asl is very sensitive to new CP phases 78|, |79|. The 
situation where new physics could enhance Asl by a factor (9(10-100) makes this asymmetry 
a sensitive probe of new physics. 

Recently the search for CP violation in semileptonic Bg decays achieved a much more 



improved sensitivity 80|, |8l| : 



^5L = (2.45 ± 1.96) X 10"^ DO 

= (2.00 ±2.79) X 10-2 CDF. (51) 



Present world average is given by [82], 



Asl = (-0.37 ± 0.94) x 10"' HFAG. (52) 

In near future more precise measurements can exclude SM prediction if it is much enhanced 
then the SM prediction. It is important to note that the scenarios like SM4 can significantly 



^ We were about to post a short paper reporting our study of Asl in SM4 when the paper [70| appeared 
wherein this topic is also discussed-consequently we are making a very breif addition of this in version 2 



of our paper. Our results agree with Buras et. al 70[. 



18 



affect M^2, but not r^2) wliicli is dominated by tlie CKM-favoured b — )■ ccs tree-level decays. 



The leading contribution to was obtained in 77|, |83[. At present is known to next-to- 
eading-order (NLO) in both A/rrib 84| and Qofm;,) |85-87|. later in 2006 Nierste and Lenz 
6| have improved the NLO calculation for AF^ and updated the value for AF^. 
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FIG. 3: Left panel shows the semileptonic CP asymmetry Agi as a function of |A^, | whereas in 
the right panel correlation between Asl and S^^p is shown; red and blue region corresponds to m^' 
= 400 and 600 GeV respectively, the SM value of Asl (of order 10~^) is too close to zero to be 
visible in the plot whereas the SM value for S^fp is —0.04. 



In Fig. [3] the sensitivity of semileptonic CP asymmetry to SM4 is shown and we note an 
enhancement by a factor of 100 from its SM predicion of order 10^^. It could have a value 
—0.4% and —0.3% corresponding to maximum values of for nit' = 400 and 600 GeV 
respectively. 



C. CP asymmetry in B ^ Xs I 



It is very useful to consider new physics effects in the observables which are either zero 

. The reason is 



or highly suppressed in the SM as they constitute null test of the SM [88 1 
that any finite or large measurement of such an observable may signal the existence of new 
physics. The CP asymmetry in i? — )■ XA~^ l~ is one such observable. In the SM, the CP 



asymmetry m. B Xgl^ I is ~ 10 



-3 



89 



I, l90|. In the SM, the only source of CP violation 
is the unique phase in the CKM quark mixing matrix. However in many possible extensions 
of the SM, there can be extra phases contributing to the CP asymmetry. Hence the CP 
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asymmetry in 5 — )■ / is sensitive to SM4. 
The CP asymmetry in i? — /"^ l~ is defined as 



^ _ jdBr/dz) - {dBr/dz) _ D{z) - D{z) 
^""^""^ (dBr/dz) + (dBr/dz) D(z) + D(z) ' ^ ' 

where Br and Br represent the branching ratio of i? — )■ Xgl^l^ and its complex conjugate 
B —7- Xsl^l~ respectively. dBr/dz is given in eq. (|2T1) . The Wilson coefficients Cy"*, Cg"*, 
and CJo* can be written as 

Cf* = C7(mfe) + A?,,C*'(m,) , (54) 
=ii + Kui2 + Kt'Ci(m,), (55) 
CiT = Cio(mb) + A|,,Cfo(m,), (56) 

where 

\S \/* T/ 

Aj Vis 

so that all three relevant Wilson coefficients are complex in general. The parameters are 
given by [55|] 

6 = Cg(mb) + 0.138 w(z) + ^(m„ z)(3Ci + C2 + 8^3 + Q + 8^5 + C^) 
~g(m,, z)(Cs + 8C4) - ^g(m,, z)(ACs + 4Q + 8C5 + Cg) 

+^(8C3 + C4 + 8C5 + C6) , (59) 
6 = [(7(mc,^)-^7(m„,^)](8Ci + C2) . (60) 



Here 



2.(1 + .)(!- 2.) j_^^^5 + fc-6^_ (ei) 



with 



8(1 - 2)2(1 + 2z) 6(1 - z)(l + 2z) ' 



Li2(z) = - / dtMLJ) . (62) 
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The function g{rh, z) represents the one loop corrections to the four-quark operators Oi — Oq 
and is given by jssi 



g{m,z) 



8 , TTib 8 

- In 

9 /ife 9 



9 



{2 + x)\l-x 



1/2 



4 




-X 




9 













In 



2 arctan 

va;— 1 ' 



irh? 



< 1 



for a; = ^ > 1, 



For hght quarks, we have rhu — rhd ^ 0. In this hmit, 



... 8 8 4 4. 

g U, z = m m z H — m . 

' ^ 27 9 /ift 9 9 

We compute gifh, z) at Hh = rrib. 

dBr/dz can be obtained from dBr /dz by making the following replacements: 



Qtot 



f^tot 



Then we get 91 1 



D{z)-D{z) =2 1 + 



2t^ 



D{z) + D{z) 



1 + 



2r 



{2(1 + 2;^)Im(eie2*) - 12CrIm(6)} 
+ X,^{(l + 2z)C*'+6C*'} 
"(l + 2z){5i + 2C*'(|A,VpC*'+X,,,)} 



+12 <! 52 + 2C7C* Re(A?,,) + C* ( 2|A,VrC* + X, 
2t2\ 2' 



+8 
+2 



1 + — ) ( 1 + - ) |Cf*|2 



2t2 

(1 + 2^) + — (1 -42) 
z 



I ,^tot 1 2 
I'-^IO I 



(63) 



(64) 



(65) 
(66) 
(67) 



(68) 



(69) 
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FIG. 4: Correlation between CP asymmetry in i? — t- Xsl~^(!-~ (high-(7^ region) and S^^. In the SM 
both the values are very small and in the plot they correspond to the point [—0.04,0.0] . The red 
and blue regions correspond to m^/ = 400 and 600 GeV whereas the vertical lines represent 2a 
experimental range for S^^. 

where 

X,, = 2 {Re (A,V) Re (6) + Re {KAlu) Re (6)} , (70) 

X,^ = 2 {Im (A,V) Im (^i) + Im {K,Kul Im (6)} , (71) 

B, = 2 {leir + \Kui2? + 2Re iKu) Re (^1^2)} , (72) 

B, = 2C7{Re(6) + Re(A,^jRe(6)} , (73) 

ICT = {C^of + \\t,\'{ct,y + 2C^oC(oRei\t,) , (74) 

\Cr\' = (Crf + \Xte\\c'^y + 2CyC'^ReiXt,) . (75) 

From the expression for g{rh, z) it is clear that the strong phase in g{rhu/d, z) and g{rhc, z) 
is responsible for CP asymmetry in i? — t- Xs^^l~ within the SM. g{mu/di z) is complex in 
both high and low-g^ region whereas g{mc,z) is complex only in the high-g^ region. On 
the other hand g{fni,,z) is always real. The SM CP asymmetry in high-g^ region is almost 
zero since Im(^2) is very small, almost one order in magnitude relative to its value in low-g^ 
region, due to the relative cancellations of strong phases in ^2- In the presence of new physics 
^2 is unaffected but ^1 increases with the new physics coupling . On the other hand we have 
contribution from the second term of eq. (I69l) as a whole the CP asymmetry will increase 
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with S^^, as shown in the figure HI 



D. FB asymmetry ha. B ^ Xgl^ I 

The quark level transition h ^ sl^ l~ is forbidden at the tree level within the SM and can 
occur only via one or more loops. Hence it has the potential to test higher order corrections 
to the SM and also to constrain many of its possible extensions. It gives rise to the inclusive 



decay B X^l^ I which has been experimentally observed 



92 



931] with a branching ratio 



close to its SM predictions, Br{B XJ+i-){l < < 6 GeVl)= (1.63 ± 0.20) x lO"'' and 



Br{B X,£+r)(g2 > 14.4 GeY'^)= (3.84 ± 0.75) x 10"^ ^4m\- 

Apart from the branching ratio of semi-leptonic decay, there are other observables which 
are sensitive to new physics contribution to 6 — > s transition. One such observable is forward- 
backward (FB) asymmetry of leptons in i? — Xsl^l~. The FB asymmetry of leptons in 
B{pb) — Xs{ps) {pi+) (pi-) is obtained by integrating the double differential branching 



ratio {(P Br / dzdcosO) with respect to the angular variable cos9 97] 



(PBr 



A ( \ JU " ' dz dcosO J— i " ' dz dcosd ('7R\ 

'^^'^ " e dcose^^ + r° dcosO- '^'^^ ' ^ ^ 

Jo ^^^^^ dz dcosd ^ J -I "-^"^^ c 



dz dcos 

-,2 1^2 — . I ^ \2 1^2 



where z = q /ml = {pi+ +pi-) /ml and 6 is the angle between the momentum of the B- 
meson (or the outgoing s-quark) and that of in the center of mass frame of the dileptons 
. FB asymmetry measures the difference in the right-chiral and left-chiral couplings of 



the leptonic current. FB asymmetry is driven by the top quark 97| and hence it is sensitive 
to the fourth generation up type quark t'. 

Within the framework of SM4, the FB asymmetry in B ^ Xg /"*" /~ is given by 

WV" E(z) 



^,,(,)._3^1-_J ^, (77) 

where 

E{z) = Re{Cl°'Cl°'*)z + 2Re(C*°*Cj°**) , (78) 

and D{z) is given in eq. fl221) . 

The FB asymmetry in B ^ Xg becomes zero for a particular value of the dilepton 
invariant mass. Within SM, the zero of ApBiQ"^) appears in the low region, sufficiently 
away from the charm resonance region to allow the precise prediction of its position in 
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FIG. 5: Forward backward (FB) asymmetry in B ^ Xgi'^i has been plotted with z = , the 
red and blue regions correspond to mf = 400 and 600 GeV respectively and the black thick line 
represents that for SM and the green line represents the zero of Aps- 

perturbation theory. The value of the zero of the FB asymmetry is one of the most precisely 
calculated observables in flavor physics with a theoretical error of order 5%. The NNLO 



prediction for the zero of FB asymmetry is with mf, = 4.8 GeV 



(g2)g = (3.5 ±0.12) GeV^ 



98] 



(79) 



This zero varies from model to model. Thus it can serve as an important probe to test SM4 
experimentally. 

As far as experiments are concerned, this quantity has not been measured as yet. But 
estimates show that a precision 

2 

From Fig. [5] one can see that the value of z = for which ApB{z)-asymmetTj is zero, 

b 

could be shifted to a lower value than its SM value (although it is consistent with the SM 
within the uncertainty). For mf = 400 and 600 GeV, one could have the value for (g^)o 
ranging between (3.09 — )■ 3.57) GeV^ for = 4.8 GeV. 



E. FB asymmetry in B K*£~^£ 



The quark level transition b — )■ si~^i is responsible for the exclusive decay B K*i~^i . 
The exclusive decay B — t- K*i~^i~ has relatively large theoretical errors as compared to the 
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FIG. 6: FB asymmetry in B — t- K*l^l~ in the \a\M-q^ (left panel) and the high-g^ region (right 
panel). The red and the blue regions correspond to m^/ = 400 and 600 GeV respectively and the 
grey region represents the SM prediction. 

inclusive decay h sl'^t' due to the uncertainty in the determination of the hadronic form 
factors appearing in the transition amplitude B — )■ K* . However the exclusive decays are 
more readily accessible in the experiments. Therefore despite the large theoretical errors, the 
precise measurement of the exclusive decays could provide hints for possible deviations from 
the SM. The decay B — )■ K*t^t~ has been observed at the Babar and Belle experiments 
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10l|. Within the present experimental and theore 



tica. 



precisions, the measured branching 



ratio is in agreement with the SM prediction [95|, |102| . However the measurements of the 
invariant dilepton mass is sparse. It is expected that the precise measurements of the Dalitz 
distributions in i? — t- K*t^l~ is possible at the LHCb and at the Super B factories. In 
particular, the measurement of FB asymmetry in S — > K*t^l ~ is o f great importance. This 



is because the uncertainty due to the form factors is minimal 



103 |. 



Within the SM4, the normalized FB-asymmetry in 5 — )■ K*l'^l is given by 103 | 



Afb{z) 



KlVtb^zX ( 1 



2H^{dT/dz 



Re(C™^C™**)yAi 



(80) 
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g2(GeVVc2) 


Afb 


exp 


SM 


= 400 GeV 


m[ = 600 GeV 


0.6 - 1.0 




(-0.18 ^ -0.19) 


(-0.13 ^ -0.19) 


(-0.08 ^ -0.19) 


1.0 - 6.0 


o-26^°:l 


(-0.2 ^ 0.2) 


(-0.2 ^ 0.2) 


(-0.2 ^ 0.2) 


6.0 - 8.0 


45+0-21 


(0.19 ^ 0.30) 


(0.17 ^ 0.28) 


(0.11 ^ 0.30) 


16.5 - 18.0 
18.0 - 19.5 


For (g2 > 16) 


(0.28 0.49) 


(0.25 ^ 0.45) 


0.15 ^ 0.47 


(0.003 ^ 0.30) 


(0.003 ^ 0.27) 


0.003 ^ 0.28 



TABLE V: Values of FB-asymmetry in different region. 



where 



A 



rriK* 



1 + m^. + 



2z 



m 



2 ' 
B 

niK* 
rriB 



(81) 
(82) 

(83) 



Here {dT/dz) is the B ^ K 



can be seen from Ref. 



differential decay distributions and its detailed expression 



103| . The form factors Ai, V, Ti are calculated in the light cone QCD 



approach and their values are given in 



103 |. 



The zero of FB-asymmetry is determined by the equation, 



ReiCi" 



zo ■ 1 + m^, - Zq ' 



(84) 



where zq corresponds to the value of z for which FB-asymmetry is zero, within SM the value 
of (q'^)o for nib = 4.8 GeV is given by [103] 



(85) 



From the left panel of Fig. [6l it is clear that within the uncertainty, the zero of the FB 
asymmetry in the SM4 is consistent with the SM prediction. 

In Table rvl we have made a comparative study between SM, SM4 and experimental ranges 
for Afb{(i'^) in different region and one could see that the SM and SM4 predictions are 
within the present experimental bound. One interesting feature of data is that for low 
(first two bins), the central value (with appreciable errors) of Aps is positive whereas SM 



26 



predicts negative Aps for these bins. Note also that there are deviations between SM and 
SM4 predicted FB-asymmetries in some regions of g^, for example (GeV^) with values in 
between (0.6 1.0), (6.0 8.0) and (16.5 18.0) the lower limit of SM4 predicted values 
are lower in magnitude than that for SM predictions; these differences are more prominent 
for mt' = 600 GeV (see Table. IV]). 



F. Bs decay 



The purely leptonic decays Bg — )• /+/~, where I = e, fi, r, are chirally suppressed within 
the SM and hence have appreciably smaller branching ratios as compared to that of the semi- 
leptonic decays. The helicity suppression is more dominant in the case of Bg — )■ e+e^ and 
Bg fi+fi- which have branching ratio of ~ (7.7±0.74) x 10"^^ and ~ (3.35±0.32) x 10^^ 
respectively 104| . within the SM. However the suppression is evaded to some extent in the 
case of Bg — )■ t^t~ due to the large m^, which has a branching ratio of ~ 10~''. These 
decays are yet to be observed experimentally. The present upper bound on Bg e+e~ and 
Bg — )• are [52 1 



Br{Bg e+e") < 0.28 x lO"*' 
BriBg < 3.60 x 10"^ 



(86) 



As far as the r channel is concerned, the current experimental information is rather poor. 
Using the LEP data on B tu decays, the indirect bound on Br{Bg — r+r^) is obtained 



to be 



105 | 



Br{Bg T+T-) < 5% . (87) 

Though the decay Bg — )■ r+r^ has relatively larger branching ratio compared to Bg — >■ 
e~^e~ and Bg — > fi^fi~, its observation will also be extremely difficult as the reconstruction 
of r is a very challenging task. However, the upcoming experiments at the LHC can reach 
the SM sensitivity of Bg — )■ fj^~^fi~ and hence it can serve as an important probe to test 
the SM and constrain many new physics models. The LHC b will be able to probe the SM 
predictions for Bg — )■ fi^fi~^ at 3a with 2 fb~^ of data 106| whereas the ATLAS and CMS 
will be able to reconstruct the Bg fi^fi~ signal at 3cr with 30 fb~^ of data collection 107 1. 

Here we study the decay Bg — )■ /x^/x^ and Bg — )■ r+r^ in the context of SM4. Within the 
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FIG. 7: Correlation between branching fraction in Bs — s- ^^Ai^ (left panel) and -B^ — t- r^r^ (right 
panel) with S"^,^, where the red and blue regions correspond to mt> = 400 and 600 GeV respectively, 
the horizontal lines represent the SM limit for Br{Bs — s- I'^l^ ) whereas the vertical lines represent 
the 2(7 experimental range for S^^. 



SM4, the branching ratio of Bg — ?■ l^l is given by 

Br{Bs /+r) = — — f; \VtbV;f 



167r3 





■-^10 









(88) 



The branching ratio of Bg — t- l^l^ can be predicted with higher accuracy by correlating 
it with the Bg — Bg mixing and then considerable uncertainty due to mixing angle and Jb^ 
gets removed. We have 

2 

(89) 



4m? 



'-'10 



m. 



I A' 



-AM, 



87TBi,sm 

where Bbs is the "Bag-parameter" for Bs mesons for which lattice result is given by [108 | 

Bbs = 1.33 ± 0.06, (90) 

however, in order to be conservative we use the value 1.33 ± 0.15 . In eq. [HHlthe parameter 
A' is defined as, 



A' 



t'bJ 



-So{xt') + 2r]u> 



(Vt'sV^bj 



(91) 



In fig. [7] we have shown the correlation between the branching fraction Br{Bs — > i^C.~) 
and CP asymmetry in B^ — )■ ip(t)-, it is clear that there are possibilities for appreciably different 
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predictions in SM4 compared to SM, enhanced or diminished by a factor of 0{3). Note also 
that enhanced branching fractions correspond to a large CP asymmetry in Bg — t- and 
smaller branching fractions correspond to smaller asymmetry. The corresponding upper 
limit on the branching fractions are given by, 

Br{Bs < 8.0 X 10"^ 

< 1.2 X 10"^ 
Br{B, T+T-) < 1.8 X 10"^ 

< 2.4 X 10-^ 



mt' = 400 GeV, 
mt' = 600 GeV, 
mt' = 400 GeV, 
mt' = 600 GeV. 



(92) 

However, when 5^,^ is close to its SM value i.e when the GP violating phase, 0^,, of VJ/^ is 
close to zero, the branching fractions reduce from their SM value since |Cj;o*| and 6' in eq. 
inilare reduced from its SM value due to destructive interference with SM4 counterpart. 



G. Branching fraction B — Xsi'v 



The decays B — t- X^z/z/ are the theoretically cleanest decays in the field of rare 5-decays. 
They are dominated by the same Z°-penguin and box diagrams involving top quark ex- 
changes which we encounter in the case of Kl — )■ tt^uu , since the change of the external 
quark flavors has no impact on the mt/t> dependence, the later is fully described by the 
function X{xt/t') which includes the NLO corrections. The charm contribution is negligible 

here. The effective Hamiltonian for the decay B ^ Ksfv is given by 
Gp a 



K 



eff 



v/2 2n sin^ 9^ 



iV*Vt,X{xt) + V;^V,dXix,)) ibs)v-Aiiyi^)v^A + h.c. (93) 



with 



X 



X x) = - 



2 + X 3x — 6 



Inx 



LX 



[X 



(94) 



The calculation of the branching fractions for B ^ XgUu can be done in the spectator 
model corrected for short distance QCD effects. Nor malizing it to Br(^B — )■ X^z/z/) and 
summing over three neutrino flavors one finds 56|, \lO^ 



3a' 



V 



Br{B Xsuu) 
Br{B^X^eiy) ~ Air'sm^ fiz)K{z) \Vcb\ 

~ \v,,\^f{z)K{zy 



\tX{xt) + \t'X{xt' 



(95) 
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FIG. 8: Correlation between branching fraction in i? — )■ Xsvv and S^^f), where the red and blue 
regions correspond to mf = 400 and 600 GeV respectively, the horizontal lines represent the SM 
limit for Br[B — t- Xgvv) whereas the vertical lines represent the 2(t experimental range for S^^. 



where 



with 



1 + 



SM\2 



a 



v;,VtsXoixt: 



(96) 



(97) 



27r^ sin^ ©VK 

The factor f] represents the QCD correction to the matrix element of the b — )■ suu transition 
due to virtual and bremsstrahlung contributions and is given by the well known expression 

2as{mh) /25 



= k{0) = 1 + 



■ TT" 

V 4 



0.83. 



(98) 



The SM4 predicted branching fraction Br{B — )■ XsUu) could be sufficiently larger than 
its SM limit, (3.66 -> 4.01) x lO'^ 



within the uncertainties, for values of S*^,^ sufficiently 
away from its SM predictions. We are constraining Xf = VtbV^* using CKM4 unitarity 
with A*/ = VfbV^lg as free parameter, with the change of phase and amplitude of X^,, \Xf\ 
increases from its SM value resulting an overall enhancement of Br{B — )■ XgUv) from its 
SM prediction. For values of (pl, close to 80°, the terms within modulus in eq. [96] and eq. [97] 
have their maximum values and so the branching fraction is sufficiently larger than its SM 
prediction and reach its maximum value 4.8 x 10~^. In passing, we note incidently th at th e 
upper limit that we have obtained for SM4 is consistent with that obtained in Ref. 110| . 
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FIG. 9: Plot between the branching fraction of — t- tt^uu with (pff = (f)f, — (f>^, bounded by the 
present experimental limit, red and blue region corresponds to rrit' = 400 and 600 GeV respectively, 
the green and black horizontal lines represent la limit for SM and experimental value respectively. 
Left panel shows only 1 a range expected in SM4; full range is shown in the right panel. 



in models with minimal flavor violation (MFV), and with the present experimental bound 
6.4 X 10"^ 



H. Branching fraction — )• tt^ui' 

Although we have taken branching fraction for — )■ ir'^uu as a constrain to fit VcKMii 
in Fig. ([9]) we show the effect of SM4; note that in the left panel only the la range for the 
branching fraction using the constraints given in the Table. ITT] (except Br{K+ tt+z/z/)) 
is shown'^. 

From Fig. [9] one could see that the Br{K^ — > vr+z/p) could be enhanced to its present 
experimental upper limit. In order to understand the nature of the plot one needs to 
concentrate on eq. (141 p . and it is important to note that Br{K^ — )■ vr+z/z/) is dominated by 
the second term of the expression i.e the term proportional to Re{\q) it should also be noted 
that the SM and SM4 part for each term has a relative sign difference. When (pff is negative 
(i.e when 0^, has values in between (0 — 80)°) and (pff > 270° the branching fraction will 
decrease because of the destructive interference between SM and SM4 part in the second 

Right panel is added in our version 2 to facilitate direct comparision with [t^. 
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FIG. 10: The branching fraction of Kl — TT^iyu versus (j)f,' 
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f, in SM4, red and blue region 



corresponds to rrif = 400 and 600 GeV respectively, the black horizontal hues represent la SM 
limit; left panel shows only la range expected in SM4, full range for SM4 is shown in the right 
panel. 

term of eq. (SI]). For (p'^f in between (90 — 180)° the branching fraction have values above 
the SM value it is due to constructive interference between SM and SM4 in the second term 
ofeq. dH]). 

Present NNLO predictions for branching fraction for — )■ vr+z/P within SM is given by 



112 | 



Br{K^ vr+z/z/) = (8.5 ± 0.7) x 10-^\ 
and the SM4 la limit on Br{K^ — j- -k^vv) is given by 



(99) 



Br{K^ TT+z/z/) = (4.0 12.0) x 10""; 
Br{K+ TT+z/z/) = (4.0 ^ 13.0) x 10""; 



mt' = 400 GeV, 
mt> = 600 GeV. 



(100) 



Agai n these upper limits are consistent with the 95% confidence level limit obtained in Ref. 



110| calculated in MFV model. 

I. Branching fraction — n^i'i' 
The effective Hamiltonian for Kl — )■ tt^uu can be written as 



n 



a 



2tt sin^ e. 



iV*VtdX{xt) + V;,Vt>dXixt>)) {sd)v-Aiiyiy)v~A + h.c. 



;ioi) 
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Within SM — > n^vv decay, proceeds almost entirely through CP violation, is com- 
pletely dominated by short-distance loop diagrams with top quark exchanges, here the charm 
contribution can be fully neglected. 

The branching fraction of Kl — > tx^vv can be written as follows 



Br{KL n^i^u) = kl- 



f ImXt IrnXf 



A5 



with 



I^L = 777TT'^+ 



1.80 X 10 



-10 



(102) 



(103) 



and rxi^ = 0.944 summarizing isospin breaking corrections in relating Kl — )► n^uu to 
— )• Ti^e^v. The current value of branching fraction for Kl — )• ti^vv with SM is given by 
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Br{KL vrVz/) = (2.76 ± 0.40) x 10 



-11 



(104) 



In Fig. ( ITOj) the variation of branching fraction Br{KL — t- ti^vv) with the phase 



ids 



is shown^. We note that with the constraint on Br{K^ — t- tt+z/P) (Table. IIIip . while, in 
principle Br^K^ — > n^uu) could be enhanced as much as 1.2 x 10^^ (right panel Fig. [TOll . 
the expected 1 a range in SM4 (left panel Fig. ^ is only to 7 x 10"", however, at 95% 
CL the value could be enhanced to 8 x 10"^°. The branching fraction has its maximum 
value when the phase (pff has the value ±90° and 270° since SM4 contribution picks up its 



maximum value at those points (eq. 11021) . 

The SM4 la limit on Br{KL — )■ tx^vv) is given by 

Br{KL ttVz/) = (1.0 5.2) x 10""; 
Br{KL Ti^uu) = (1.0 ^ 6.2) x 10""; 



mt' = 400 GeV, 
mt' = 600 GeV, 



(105) 



the upper limits are consistent with the limit calculated in Ref. jllO |. 



J. CP violation in B — ttK modes 

The observed data from the currently running two asymmetric B factories are almost 
consistent with the SM predictions and till now there is no compelling evidence for new 



Right panel is added in our revised version to facilitate direct comparision with 
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physics. However there are some interesting deviations from the SM associated with the 
6—7-5 transitions, which provide us with possible indication of new physics. For example 
the mixing induced CP asymmetries in many b — )■ sqq penguin dominated modes do not 
seem to agree with the SM expectations. The measured values in such modes follow_the 



trend Sgqq < sin 2/3 jsl, [52], whereas in the SM they are expected to be similar |ll3l . Ill4 |. 
In this context B — )■ nK decay modes, which receive dominant contributions from — )■ s 
mediated QCD penguins in the SM, provide another testing ground to look for new physics. 

The first one is the difference in direct CP asymmetries in — )■ tt^K' and 5° — > tt^K~ 
modes. These two modes receive similar dominating contributions from tree and penguin 
diagrams and hence one would naively expect that these two channels will have the same 
direct CP asymmetries i.e., A-^ok- = -^tt+k-- In the QCD factorization approach, the 
difference between these asymmetries is found to be 



AAcP = Ak-^o - AK-n+ = (2.5 ± 1.5)% 



(106) 



whereas the corresponding experimental value 



5^ is 



AAcp = (14.8 ± 2.1 



(107) 



which yields nearly 4a deviation. 

The second anomaly is associated with the mixing induced CP asymmetry in B^ — ^ tt^K'^ 
mode. The time dependent CP asymmetry in this mode is defined as 

; — ^( ^— H = A^OK COS AMrft + ^^0^ sin AMrft , 108 

and in the pure QCD penguin limit one expects A^o^^ ~ and St^ok^ ^ sin(2/3). Small 
non-penguin contributions do provid e some corrections to these asymmetry parameters and 



it has been shown in Ref. 115Nll7l | that these corrections generally tend to increase S^nO 
from its pure penguin limit of (sin 2/3) by a r nodest am ount i.e., S^o^^ ~ 0.8. Recently, 



using isospin symmetry it has been shown in 
large S'^o^, ~ 0.99. 

However, the recent results from Belle 



118 



120| that the standard model favors a 



12 1| and Babar [122] are 



/l^o^^ = 0.14 ±0.13 ±0.06, ^^0^, = 0.67 ±0.31 ±0.08 (Belle) 

A^oi^^ = -0.13 ±0.13 ±0.03, 5^0;^^ = 0.55 ± 0.20 ± 0.03 (Babar) (109) 
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with average 



Ks 



-0.01 ±0.10, 5^0;^^ = 0.57 ±0.17 



(110) 



As seen from (IllOp . the observed value of St^oks is found to be smaller than the present world 
average value of sin 2/3 = 0.672 ±0.024 measured in 6 — > ccs transitions 52| by nearly la and 
the deviation from the SM expectation given above is possibly even larger. This deviation 
which is opposite to the SM expectation, implies the possible presence of new physics in the 

— i- K^T{^ decay amplitude. In the SM, this decay mode receives contributions from QCD 
penguin (P), electroweak penguin {Pew) and color suppressed tree (C) diagrams, which 
follow the hierarchical pattern P : Pew : C = 1 : A : A^, where A ~ 0.2257 is the Wolfenstein 
expansion parameter. Thus, accepting the above discrepancy seriously one can see that the 
electroweak penguin sector is the best place to search for new physics. 

To account for these discrepancies here we consider the effect of sequential fourth gener- 



ation quarks 



20 



In the SM, the relevant effective Hamiltonian describing the decay 



modes B — tiK is given by 



njSM _ "_r 



G F 

71 



10 



Vubv:xciOi ± C2O2) - Vtbv:, J2 



j=3 



111) 



With a sequential fourth generation, the Wilson coefficients Cj's will be modified due to 
the new contributions from t' quark in the loop. Furthermore, due to the presence of the t' 
quark the unitarity condition becomes A„ ± Ac ± A^ ± \t' = 0, where Xg = VgbV*^. 

Thus, including the fourth generation and replacing Af = — (A„ + Xc + Xf) , the modified 
Hamiltonian becomes 

10 10 



n 



eff 



Gp 

G F 

71 



A„(CiOi ± C2O2) -XtYl C.O, - Xe J2 CfO, 

i=3 1=3 
10 10 

A,(CiOi ± G2O2 ± J2 ^^^«) + ^cYl c^o, - X, J2 ^c.o. 



(112) 



i=3 i=3 i=3 

where ACj's are the effective (t subtracted) t' contributions. 

Thus, one can obtain the transition amplitudes in the QCD factorization approach as 
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mfi (in GeV) 


400 


600 


AC3{mb) 


0.628 


1.471 




-0.274 


-0.578 


AC^imb) 


0.042 


0.086 


ACeimb) 


-0.206 


-0.362 


ACrinib) 


0.443 


1.072 


ACsimb) 


0.168 


0.407 


ACginib) 


-1.926 


-4.465 


ACioimb) 


0.433 


1.005 


AC%f{mb) 


-5.667 


-7.239 


ACl^/{mb) 


-1.452 


-1.728 



TABLE VI: Values of the Wilson coefficients AC, 's at different 6-mass scale. 



|37|, 



V2A{B- ^tt'K-) = Xu[A^K{(yi + P2) + AK^a2] 

p=u,c 

- Xf (^A^K^Aa^ + Aa4,^Ew + A/^s + A(33^ew) + ^^K^Aas^Ew^ ■. 
A{B^ -> 71+ K-) = Xul^A^K tti) + Y M-i?("4 + + (^3- 



3,EW 



p=u,c 



- Xt'A^K (Aa4 + Aa^^Ew + A/^s - ^APs^ew^ , 

p=u,c 

+ ^Aji^alEyyj - Xt> [a^k[- A«4 + ^Aa^,Ew - A/^s + ^A/3; 
3 

+ 2^'rAa3,EVK 



3,EW 



where 



A^^ = ^^MlFr^fJ, and = ^%M|Fo^-^A . 



These amphtudes can be symbohcaUy represented as 



(113) 



(114) 



Amp = XuAu + XcAc - Xt'At 



(115) 
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A's contain the weak phase information and Aj's are associated with the strong phases. Thus 
one can exphcitly separate the strong and weak phases and write the amphtudes as 

Amp = X^A^ 1 + rae'^^^~^^ - r'be'^^^^'^'^], (116) 

where a = |A„/Ac|, b = \Xt'/Xc\, —7 is the weak phase of V^b and 0^ is the weak phase of 
Xf. r = \Au/Ac\, r' = \At'/Ac\, and 61 {62) is the relative strong phases between Au and 
Ac {Af and Ac). From these amphtudes one can obtain the direct and mixing induced CP 
asymmetry parameters as 



A. 



ra sin Si sin 7 + r'6sin ^2 sin 0^ + rr'absm{S2 — Si) sin(7 + 



nK 



TZ + 2ra cos Si cos 7 — 2r'b cos S2 cos 0^ — 2rr'ab cos((52 — Si) cos(7 + (pg) 



X 

^ ^ _ (117) 

TI + 2ra cos Si cos 7 — 2r'b cos S2 cos (pg — 2rr'ab cos((52 — Si) cos(7 + (pg) ' 

where TZ = 1 + (ra)^ + (r'6)^ and 

X = sin 2/3 + 2ra cos Si sin(2/3 + 7) - 2r'b cos S2 sin(2/3 - 0,) + (ra)^ sin(2/3 + 27) 
+ (r6)2sin(2/3-20,) -2rr'a6cos(52 -5i)sin(2/3 + 7-0,). (118) 



To find out the new contributions due to the fourth generation effect, first we have to 
evaluate the new Wilson coefficients Cf . The values of these coefficients at the M\y scale can 
be obtained from the corresponding c ontri butions from the t quark by replacing the mass 
of t quark in the Inami-Lim functions |l23] by t' mass. These values can then be evolved to 



60| 



the rUb scale using the renormalization group equation 

C{mb) = U^irrib, Mw, a)C{Mw) (119) 
where C is the 10 x 1 column vector of the Wilson coefficients and U^^ is the five flavor 



10 X 10 evolution matrix. The explicit forms of C{Mw) and U^{mb, M\y, a) are given in |60 |. 
The values of ACi=i^io{mb) in the NLO approximation and the coefficients of the dipole 
operators Cj!^'^ and C^g^ in the LO for different mf values are presented in Table IVIi 

For numerical evaluation, we use input parameters as follows. For the form factors and 
decay constants we use ^^^^^(0) = 0.34 ± 0.05, ^^^-'^(O) = 0.28 ± 0.05, U = 0.131 GeV, 
fx = 0.16 GeV and for Gegenbauer moments we use = 350 ± 150 MeV |38|. We varied 
the hard spectator and annihilation phases (f)A,H in the entire range i.e., between [— 7r,7r], 
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FIG. 11: The allowed range of the CP asymmetry difference (AAcp) in the {AAcp — X[) plane, 
where the red and blue regions correspond to m^/ = 400 and 600 GeV; grey shaded regions corre- 
spond to the uncertainties due to hadronic parameters. 




FIG. 12: Correlation plots between the mixing induced CP asymmetry S^^oj^^ and the direct CP 
asymmetry A^o^^ in the SM (left panel) and in the fourth generation model (right panel) where 
the red and blue regions correspond to rrif/ =400 and 600 GeV . The horizontal and vertical lines 
represent la experimental allowed ranges. 



imposing the constraint that the corresponding branching ratios should be within the three 
sigma experimental range. Also we have included 20% uncertainty in Aqqd i-e we varied 
Aqcd = 225 MeV from its nominal value in SM3 38| by ±45 MeV, which enters in the 
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hard spectator contribution ^. Since and Aqcd were previously fixed to 200 MeV and 
225 MeV respectively to fit the data interpreted in SMS, it may not be unreasonable to 
assume small changes for SM4. For the CKM matrix elements we use values as given in the 
Table m We have also used the range of Xf and 0s as obtained from the fit for different mf. 

Using these values we show the allowed regions in the AAcp — Xt' plane for different 
values of m^/ in figure [TT] and we note that an enhancement in AAcp upto the current la 
experimental upper bound (~ 17.6%) is possible for largish strong phases, (pA,H ~ (—45 — >• 
—90)°. The correlation plots between mixing induced and direct CP asymmetry parameters 
in — )■ 71^ K'^ modes are shown in figure [T21 



K. CP violation in — > vr^^vr^ modes 



As discussed earlier there exists several hints for the possible existence of new physics 
in the 6 — )■ s sector. So the next obvious question is: Do the b ^ d penguin amplitudes 
also have significant new physics contribution? The present data does not provide any 
conclusive answer to it. The obvious example is the i? — t- tttt processes, which receive 
dominant contribution from b u tree and from b ^ d penguin diagrams. The present 



data 



52| are presented in Table I VI II Thus, it can be seen that the measured value of 



Decay mode 



10^ X Br (5° vr+vr-) 

10^ X Br(B- ^ 7r-7r°) 

10^ X Br(S° ^ 7r°7r°) 
a 

A + - 



A^-^0 



A^o^o 



HFAG Average 



5.16 ±0.22 
5.59 ±0.41 
1.55 ±0.19 
-0.65 ± 0.07 
0.38 ±0.06 
0.06 ± 0.05 



0.43 



+0.25 
0.24 



TABLE VII: Experimental results for B — t- vrvr processes 



Br (5 — 7- TT TT ) is nearly two times larger than the corresponding theoretical predictions 



5 The corresponding choices in the scenario S4 of [38| are given by F(f ^^(0) = 0.31, ^jf ^'"(0) = 0.25, 
= 0.131 GeV, Jk = 0.16 GeV, As = 200 MeV, 0A,ff = -55° and Kqcd = 225 MeV 
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38l . Il24j . Also the measured values of direct CP asymmetry parameters A^+^r- and A^o^o 



are higher than the corresponding SM predictions [38|. Thus, the discrepancy between the 
theoretical and the measured quantities imply that there may also be some new physics 
effect in the b d penguins as speculated in 6 — > s penguins. 

Let us first write down the most general topological amplitudes for i? — > tttt modes as 



TT TT 



iT + C + Pe^), 

-(T + P), 

-(C-(P-PeJ). 



(120) 



From the above relations it can be seen that if there will be additional new contribution 
to the penguin sector with other amplitudes as expected in SM4 then that may explain 
P — )■ TTTT observations. 

As discussed earlier, due to the presence of the additional generation of quarks the uni- 
tarity condition becomes + Ac + + \t' = 0. Thus, including the new contributions one 
can symbolically represent these amplitudes as 

Amp = XtAt + XiAi - \f, Anen, = XtA^ \l - n a, e'(^'+^) - r[ h e'^^^+^^A , (121) 

where bi = |A^,/Af|, (j)d is the weak phase of A'^^^. r[ = lAnew/Af^l, and 62 is the relative 
strong phases between Anew and . Thus from the above amplitude one can obtain the 
CP averaged branching ratio, direct and mixing induced CP asymmetry parameters as 

\Pc.m\rB 



Br 



87rM| 



A„ 



IZi — 2riai cos 5f cos 7 — 2r[bi cos 82 cos(0(i + 7) 

+2rir[aibi cos(52 — 6f) cos (f)d 

2 riOi sin 6f sin 7 + r[bi sin 62 sm^cp^ + 7) + rir[aibi sm{6f — ^2) sin (pd 



TZi — 2riai cos 6f cos 7 — 2r[bi cos 62 cos{(j)d + 7) + 2rir[aibi cos(5| — 6f) cos (f)d 



TZi — 2riai cos 6f cos 7 — 2r[bi cos 62 cos(0d + 7) + 2rir[aibi cos((5| — 6f) cos (pd 



where 



Xi = - sin(2/3 + 27) -2riaicos5fsin(2/3 + 7) + 2r;6icos5^sin(0rf- (2/3 + 7)) 

+ {riaiY sin(2/3) + {r[bif sin(20rf - 2(3) - 2rir[aibi cos(5f - S^) sin(0d - 2/3)1(123) 
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FIG. 13: The correlation plot between the direct CP asymmetry and the CP-averaged branching 
ratio for the — t- vr'^vr'^ process where the grey region corresponds to the SM result and the red 
and blue regions correspond to mf =400 and 600 GeV respectively. The horizontal and vertical 
lines represent the 1-cr experimental range of the corresponding observables. 

and 7^l = 1 + {naif + {r[bif. Now varying Xf, between and 1.5 x 10 ^ and (pd between 
(0 — 360)° we present the correlation plot between the direct CP asymmetry parameter and 
branching ratio in Fig. [131 From the figure one can see that the observed data could be 
accommodated in the SM with four generations. 



Standard Model with four generations should be considered seriously. We do not have 
a good understanding of fermion generations. We have already seen three; why not the 
fourth? Electroweak precision tests do not rule out the existence of a fourth family, though 
they do require that the mass difference between the t' and the b' be less than about 75 GeV. 
This degeneracy amounting to 0(10%) for ^ 500 GeV masses does not seem so serious. Of 
course, the electroweak precision tests suggest then a possible heavy Higgs particle but 
this actually may be hinting at a very interesting resolution to the hierarchy puzzle. This 
is because heavier quarks of the 4th generation can play a significant role in dynamical 
electroweak-symmetry breaking, i.e. a composite Higgs particle . 

Another extremely interesting implication of a 4th family is the gigantic improvement 
over the three generation case in the context of baryogenesis, as in particular emphasized 



IV. SUMMARY AND OUTLOOK 
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by Hou Q. 

These two implications of a 4th family are in themselves so interesting, if not profound, 
that even though at this time the repercussions for dark matter and/or unification are not 
quite clear, the idea should be given a serious consideration. 

Although one of us (A.S.) had gotten already interested and involved in the physics of the 
4th generation over twenty years ago, our recent interest was instigated by the fact that this 
obvious extension of the Standard Model offers a simple solution to many of the anomalies 
that have been seen in B, decays. For one thing the predicted value of sin 2/3 in the 
SM is coming out to be too high from the one directly measured via the gold-plated ipKs 
mode. Besides, the value of sin 2/3 measured via many of the penguin-dominated modes 
is systematically coming out to be smaller than the predicted value. Then there is the 
very large difference in the direct CP asymmetry between K~^7r~ and K^tt^ decays of the 
and B^. Finally, there is the fact that both CDF and DO find that B^ ipcj) decays 
are exhibiting 0{2a) non- vanishing CP asymmetries whereas SM predicts vanishing small 
asymmetry. 

The effect seen in Bs ipcf) at Fermilab is doubly significant. First of all two of the anoma- 
lies discussed above that were seen at B-factories taken seriously suggest a non-standard CP- 
odd phase in 6 — > s transitions. That then makes it extremely difficult, if not impossible, 
for new physics not to show up as well in Bg mixing; thus the B-factory anomalies basically 
imply non-standard CP effects in mixing induced CP-asymmetry in Bs — ?■ ipcj). The second 
crucial aspect of the CP asymmetry in Bs ipcf) is that it is a gold-plated effect; that is the 
fact that in the SM CP asymmetry in that mode should be vanishingly small is a very clean 
prediction with no serious hadronic uncertainty. Therefore it is extremely important that 
Fermilab gives very high priority to confirming or refuting this effect. In fact very soon the 
LHCb experiment at CERN should also be able to study this mode and clarify this issue. 

In an earlier paper we had focused on studying the CP anomalies seen in B, Bs decays in 
SM4 mentioned above; we found that the SM4 offers a simple explanation for most of the 
anomalies with the heavy quarks of mass around 400 - 600 GeV. This paper is a follow-up 
wherein we further explore the implications of SM4 for K and B, Bs decays. By using a host of 
measurements in K, B, Bs decays such as indirect CP violation parameter ex-, — t- tt+i/z/, 
mixing induced CP asymmetry in B ^ 'ipKs, Br {B — )■ Xs'y), semi-leptonic decays of B 
etc along with oblique parameters and Br( Z — > 66), we first constrained the enlarged 4x4 
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CKM-matrix. We then explored the imphcations of the SM4 for a variety of processes such as 
acp{B ^ X,7), BriBs ^ fi+fi-), acp{B ^ Asl{B, ^ X», ^ 

^ K*l+l-), Br{B X,z/z/), CP asymmetries in B ^ ti^K, and in 5 ^ 7r°7r° 
etc. We identified many processes wherein SM4 predicts significant differences from SMS, 
e.g S{B, ^0), acp{B -> X,7), acp(5 ^ X^Z+Z"), ^ X,£z/), Br{B ^ X,z/i?), 

Br{Bs — n^ii^), Bri^Ki — )• 7r°z/z/) etc; thus studies therein should especially provide further 
understanding of the parameter space of SM4. 

One of the most interesting aspect of the 4th generation hypothesis is that it is testable 
relatively easily in the LHC experiments where in fact it has distinctive signatures 
the coming few years not only we should be able to learn about the existence or lack thereof 
of quarks and leptons of the 4th family, the heavier Higgs that is also favored in SM4 scenario 
should be easier to search for in the LHC experiments via the gold-plated mode: H — > ZZ. 
Also the heavy Higgs has interest ing i mplications for flavour- diagonal and flavour- changing 
final states involving t' and/or h' 1251]. Therefore, LHC should shed significant light on the 
question of SM4 in the next few years. 
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